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Abstract
Abstract: The Standard Model with one extra Higgs doublet may give rise to
enhanced tree-level flavor-changing-scalar coupling of a neutral Higgs to a pair of top-
charm quarks. This coupling may drive a large tree-level effective W+W−(ZZ) −
Higgs− tc¯ interaction. As a result we find that the reactions e+e− → tc¯νeν¯e, tc¯e+e−,
tc¯Z and the two rare top decays t → cW+W−, t → cZZ become very sensitive
probes of such an effective interaction. The most promising ones, e+e− → tc¯νeν¯e,
tc¯e+e−, may yield several hundreds and up to thousands of such events at the Next
Linear Collider with a center of mass energy of
√
s = 0.5–2 TeV if the mass of the
lightest neutral Higgs is a few hundred GeV. The rare decays t → cW+W− and
t→ cZZ may be accessible at the LHC if the mass of the lightest neutral Higgs lies
in the narrow window 150 GeV ∼< mh ∼< 200 GeV.
1
1 Introduction
Understanding the nature of the scalar sector, which still remains one of the great mysteries
in electroweak theories, and searching for flavor-changing (FC) currents are clearly important
goals of the next generation of high energy colliders [1].
Although the Standard Model (SM) with only one scalar doublet is in good agreement with
existing data, it is still useful to examine consequences of simple extensions of the SM. Indeed,
the simplest possible extension of the scalar potential, which contains two Higgs doublets,
exhibits rich new phenomena. In particular it may give rise to new tree-level FC couplings of a
spin 0 particle with fermions [2].
In the SM there are no tree-level flavor-changing-neutral-currents (FCNC). At the one loop
level, FC transitions involving external up quarks are much more suppressed than those involving
external down quarks. The effects for the up quarks are driven by virtual exchanges of down
quarks for which the GIM mechanism is much more effective since the mass splitting between
the down quarks is a lot less than amongst the charge 2/3 quarks. Therefore, the search for
large signatures of FCNC involving the up quarks is extremely important as it may serve as a
unique test of the SM. As is well known, though there are stringent experimental constraints
against the existence of tree level flavor-changing-scalar (FCS) transitions involving the light
quarks [3, 4, 5], analogous constraints involving the top quark are essentially non-existent.
As mentioned above, a mild extension of the SM in which one extra scalar doublet is added,
allows for large, tree-level FCS interactions [2]. These are often forbidden by the imposition
of an ad-hoc symmetry [3]; if this symmetry is not imposed, however, one arrives at a version
of the two-Higgs doublet model (2HDM) wherein the up and down-type quarks are allowed
simultaneously to couple to more than one scalar doublet [2] leading to tree-level FC vertices. In
the context of such new interactions, the severe experimental constraints involving FC couplings
of the light quarks can be satisfied by requiring that FCS interactions are proportional to the
square root of masses of the fermions participating at the vertex [4]. A specific realization of
these ideas, the Cheng-Sher Ansatz (CSA), assumes that the FC coupling of a scalar to top
and up (charm) quark is proportional to
√
mtmu/mW (or
√
mtmc/mW ). In this scenario the
large top mass makes it much more susceptible to FC transitions. This possibility has led
various authors to stress the importance of searching for tree-level FCS interactions involving
the top-quark, especially the top-charm ones [2,5–9]. Our study indicates that experimental
investigations of the reactions e+ + e− → tc¯νeν¯e; t¯cνeν¯e; tc¯e+e−; t¯ce+e−; Ztc¯; Zt¯c and of the
rare top decays t→W+W−c; ZZc will be very useful in this regard.
The paper is organized as follows: in section 2 we briefly describe the key features of a
2HDM with tree-level FC couplings, often called Model III. The possibility of producing tc¯
pairs via WW and ZZ fusion in the next linear collider (NLC) is investigated in section 3. In
section 4 we discuss the reaction e+e− → Ztc¯. In section 5 we examine the two rare top decays
t→ W+W−c and t→ ZZc and in section 6 we summarize our results and make some parting
comments.
2
2 2HDM With Tree-Level FC Couplings (Model III)
In a most general version of the 2HDM (which allows tree-level FCS couplings) one can always
choose a basis of scalar fields where only one doublet acquires a vacuum expectation value
(VEV) (for a brief review see [5]):
〈φ01〉 =
v√
2
, 〈φ02〉 = 0 . (1)
We refer to this type of a 2HDM as Model III.
With this choice φ1 corresponds to the usual SM scalar doublet and all the new FC couplings
are associated with the φ2 doublet. The spectrum of the scalar sector then consists of a charged
scalar and its conjugate H±, and three neutral Higgs particles which we will denote by h,H
(the scalar mass eigenstates) and A (the pseudoscalar mass eigenstate). In terms of the original
doublets one has:
H =
√
2
[(
Reφ01 − v
)
cos α˜+Reφ02 sin α˜
]
,
h =
√
2
[
−
(
Reφ01 − v
)
sin α˜+Reφ02 cos α˜
]
, (2)
A =
√
2
(
−Imφ02
)
.
The masses of the neutral and charged Higgs bosons as well as the mixing angle α˜ are free
parameters of the model.1 The pseudoscalar A which does not couple to gauge bosons and the
charged Higgs particles of the model do not play any role in our reactions and therefore their
masses are not relevant for the present analysis.
Although with the above basis for Model III, in which < φ02 >= 0 at the tree-level, introduc-
ing large splitting between the masses of the two Higgs particles h and H (in some cases we will
take mH −mh > 500 GeV) can become slightly unnatural for large values of α˜, this is not the
case in a more general flavor-changing 2HDM where both doublets can acquire a non-vanishing
VEV. In that more general case, tan β ≡ v2/v1 appears as an additional free parameter of
the model. Adopting tan β 6= 0 will not affect our predictions in this paper, while, due to the
presence of this additional free parameter tan β, large values of α˜ can be accommodated without
much difficulty in this framework regardless of the degree of splitting between the two Higgs
masses. Note also that tan β will not enter the FC couplings of a neutral Higgs to fermions as
those are governed by the couplings λij to be defined below. We therefore wish to emphasize
that we are not trying to advocate the existence of the above particularly simple realization of a
FC 2HDM where one of the Higgs doublets does not acquire a VEV, instead, for its simplicity,
we are using it as an illustrative scenario to estimate the size of a possible FC effect in our
reactions. Thus, in what follows, we will always choose the mass of the lighter Higgs, h, to be
in the range 50 GeV ∼< mh ∼< 1 TeV while, in most instances, we will set the heavy Higgs (H)
1We use α˜ instead of α to avoid confusion with the fine-structure constant.
3
mass to be mH = 1 TeV independent of the choice of mixing angle α˜.
2
The FC part of the Yukawa Lagrangian in Model III is given by [2, 5]:
LFCY = ξUijQ¯i,Lφ˜2Uj,R + ξDij Q¯i,Lφ2Dj,R + h.c. , (3)
where φ2 denotes the second scalar doublet, φ˜2 ≡ iτ2φ2, Q stands for the quark doublets, and
U and D for charge 2/3 and (-1/3) quarks singlets; i, j = 1, 2, 3 are the generation indices and
ξ are 3× 3 matrices parameterizing the strength of FC neutral scalar vertices. Following Cheng
and Sher [4] we choose the parameterization:
ξU,Dij = gW
√
mimj
mW
λij . (4)
In this scenario all our ignorance regarding the FCS vertices is contained in the couplings λij
which are free parameters to be deduced from experiments. The experimental constraints on
the λij are rather mild: for example, if λsd, λbd and λuc are kept below ∼ 0.1, then Model III
is compatible with the existing low energy experimental measurements as long as the other FC
couplings (i.e., those involving the top quark) are not much larger than 1 [5]. In particular, if
the first generation FC couplings are not related to the FC couplings of the second and third
generations (there is no good reason to believe that such a relation exists) then λtc = λct ∼
O(1), or even somewhat bigger, is not ruled out3 by existing experiments [5]. This has major
consequences on our analysis in this paper as all the reactions investigated here scale like λ2tc.
For simplicity, we choose λtc = λct = λ and we furthermore break λ into its real and
imaginary parts, λ = λR + iλI . Then, within the CSA, the relevant terms of the Model III
Lagrangian become:
LHtc = −gW√
2
√
mtmc
mW
fHHt¯(λR + iλIγ5)c , (5)
LHV V = −gWmWCV cHHgµνV µV ν , (6)
where here and throughout the paper H = h or H and V =W or Z and4:
fh;H ≡ cos α˜; sin α˜ , (7)
ch;H ≡ sin α˜;− cos α˜ , (8)
CW ;Z ≡ 1;m2Z/m2W . (9)
2Note that the onset of a strongly interacting Higgs sector corresponds to the breakdown of tree-level unitarity and
also to the condition that the radiative corrections to the Higgs mass are of order 100%, i.e., δmH ≈ mH . Much like
in the SM case, this will occur when mH ∼ 4πv ∼ 3 TeV. Therefore, although taking mH = 1 TeV is somewhat close
to the above limit, still, it is unlikely to enter the strongly interacting Higgs domain.
3λtu is also not well constrained from existing experiments. The Cheng and Sher Ansatz (4) does, of course, imply
much smaller tu coupling compared to the tc one due to the up-charm mass difference.
4V = W+,W− or Z; in most instances the appropriate choice can be fixed by inspection. If necessary we will
denote V 1 =W+, V 2 = W− or V 1 = V 2 = Z.
4
The amplitude for the reaction V V −H− tc¯, t¯c is proportional to sin 2α˜ for both H = h and
H, and will vanish for α˜ = 0, π/2. When α˜ = π/4 (i.e., equal mixing between Reφ01 − Reφ02)
the h and H contributions interfere destructively and cancel out in the limit mH → mh. The
presence of this “GIM-like” cancellation reflects the fact that all complete calculations should
include both neutral scalars. The maximum of the cross section is not reached at α˜ = π/4 since
the scalar widths also depend on this parameter.
We will also need the Htt¯ couplings within Model III:
LHtt = −gW√
2
mt
mW
Ht¯ (aH + ibHγ5) t , (10)
where
ah = − 1√
2
sin α˜+ cos α˜λR , bh = cos α˜λI , (11)
aH =
1√
2
cos α˜+ sin α˜λR , bH = sin α˜λI , (12)
and for simplicity we set λtt = λtc = λ.
3 tc¯ Production Through Vector-Boson Fusion
In this section we consider the reactions (see Fig. 1):
e+e− → tc¯νeν¯e; t¯cνeν¯e , e+e− → tc¯e+e−; t¯ce+e− , (13)
occurring via W+W− or ZZ fusion, which should be accessible to the Next generation of e+-e−
Linear Colliders (NLC) currently being envisaged [1]. We will see that these processes are very
sensitive to FC currents [10].
An extremely interesting feature of the reactions in (13) is that at c.m. energies of TeV
and above, the corresponding cross-sections can be much larger than the ones for the simple
s-channel reactions in Model III: e+e− → tc¯ (see [6]) and e+e− → HA → tc¯f f¯ ; tt¯cc¯ (see [9]).
For example, we find that σννtc ≡ σ(e+e− → tc¯νeν¯e + t¯cνeν¯e) is about two orders of magnitude
larger than σ(e+e− → tc¯+ t¯c) over a large region of parameter space, while σeetc ≡ σ(e+e− →
tc¯e+e− + t¯ce+e−) is about one order of magnitude bigger than σ(e+e− → tc¯+ t¯c). The crucial
difference (and therefore interesting) feature of the V V fusion reactions is that, being a t-channel
fusion process, the corresponding cross-sections grow with the c.m. energy of the collider. On
the other hand, the “simple” s-channel reactions mentioned above drop like 1/s. Thus, even if
no tc¯ events are detected at
√
s = 500 GeV via e+e− → tc¯; tc¯f f¯ ; tt¯cc¯, there is still a strong
motivation to look for a signature of (13) especially at somewhat higher energies.
In exploring the reactions e+e− → tc¯νeν¯e, tc¯e+e− we will use the effective vector boson ap-
proximation (EVBA) [11]. Recall that this is the analog of the equivalent photon approximation
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in QED which allows the colliding W ’s or Z’s to be treated as on-shell particles. The salient
features of the reactions in (13) are then well approximated by the simpler fusion reactions:
W+W−, ZZ → tc¯, t¯c . (14)
The corresponding cross sections for the reactions in (13) can then be calculated by folding in
the distribution functions fVhV , for a vector boson V (W or Z) with helicity hV .
The EVBA has been extensively studied in the production of a tt¯ pair [12]. There is, however,
a significant difference between fusion reactions leading to a tc¯ final state, due primarily to the
appreciable difference in the threshold of the two-reactions (which, in turn, is due to mt ≫ mc).
This has two consequences:
1. For tc¯ the vector-boson energy fraction, x =
√
sˆ/s (as usual sˆ is the c.m. energy squared
in the V V c.m. frame and s the corresponding quantity in the e+e− c.m. frame), can drop
below x = 0.05 near threshold, for
√
s ∼> 800 GeV. In this small-x range the distribution
functions are overestimated within the leading log approximation [12, 13]. We will therefore
use the distribution functions which retain higher orders in m2V /s, as given, for example,
by Johnson et. al. [13].
2. For large
√
sˆ, the longitudinal polarization vector of V can be approximated by ǫµ0 (k) ≃
kµ/mV +O(mV /
√
sˆ). In the production of a pair of heavy fermions (such as tt¯) through
V V fusion, the term kµ/mV gives rise to a contribution proportional to (mt/mV )
4 in
the cross section; the subleading contributions, generated by the O(mV /
√
sˆ) remainder
in ǫµ0 (k), are suppressed by a factor of ∼ m2t/sˆ. Thus σˆ(V V → tt¯) is well approximated
by taking only the longitudinal polarized V ’s at the parton level reaction and assuming
that sˆ≫ m2V [12, 13]. In contrast, the approximation ǫµ0 (k) ≃ kµ/mV does not necessarily
hold for the reaction V V → tc¯ for which m2V /sˆ ≈ m2V /m2t near threshold. In particular,
we will show below that the cross-section for the reaction V V → H → tc¯ scales like
|ǫV 1hV 1 · ǫ
V 2
hV 2
|2. Thus, not only is the (mt/mV )4 factor absent, but the contribution from the
transversely polarized V ’s is comparable to that of the longitudinal V ’s near threshold.
We will therefore include all polarizations for the vector bosons in our calculation of
σˆ(V V →H → tc¯).
It is interesting to note that while at tree-level, σeetc = 0 in the SM, the parton level reaction
W+W− → tc¯ can proceed at tree-level, via diagram a in Fig. 1. Note that the corresponding
cross section is proportional to (mt/mW )
4 to leading order, and the usual replacement ǫµ0 (k)→
kµ/mW is appropriate. For collision of longitudinal W ’s, W
+
L W
−
L → tc¯, within the SM, we
obtain:
σˆSM =
Ncπα
2
4s4W sˆ
2
(
mt
mW
)4 3∑
i,j=1
VtiV
∗
tjVciV
∗
cj
{(
1
∆t
− 1
)
I2ij +
(
2− 1
∆t
)
I3ij
m2t
− I
4
ij
m4t
}
, (15)
where i, j are family indices, sW ≡ sin θW and Nc = 3 is the color factor. ∆t ≡ m2t /sˆ and Ikij
are the two body phase-space integrals:
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Ikij ≡
∫ 0
m2t−sˆ
xkdx
(x−m2di)(x−m2dj )
. (16)
In (15) we have set mc = 0 , however the three down quarks masses must be kept non-zero as
the unitarity of the Cabibbo-Kobayashi-Maskawa (CKM) matrix implies that σˆSM = 0 when
md = ms = mb (in particular, when md = ms = mb = 0). Numerically, σˆSM is found to
be too small to be of experimental relevance as it suffers from a severe CKM suppression:
σννtcSM ≡ σSM(e+e− → tc¯νeν¯e + t¯cνeν¯e) ≈ 10−5 − 10−4 (fb) for
√
s = 0.5 − 2 TeV. We will hence
forward neglect the SM contribution.
This is, therefore, a remarkable situation which allows for a unique test of the SM and, in
particular of the SM’s GIM mechanism. Even a very small number of tc¯νeν¯e and/or tc¯e
+e−
detected at a NLC running with a yearly integrated luminosity of L ∼> 102 [fb]−1 [1], will
unmistakably indicate new FC dynamics beyond the SM. In Model III event numbers in the
range of a few × (102 − 103) for tc¯νeν¯e, and a few × (101 − 102) for tc¯e+e− are easily possible
within the existing experimental constraints.
For Model III, V V → tc¯ proceeds at tree-level via the sˆ-channel neutral Higgs exchange of
diagram b in Fig. 1. Neglecting the SM diagram, the corresponding parton-level cross-section
σˆV ≡ σˆ(V 1hV 1V
2
hV 2
→ tc¯) is given by [10]:
σˆV =
(sin 2α˜)2Ncπα2
4sˆ2βV s4W
(
mV
mW
)4 |ǫV 1hV 1 · ǫV 2hV 2 |2|Πh −ΠH |2 ×
mtmc
√
a+a−(a+λ
2
R + a−λ
2
I) , (17)
where:
a± = sˆ− (mt ±mc)2 , βℓ ≡
√
1− 4m2ℓ/sˆ , (18)
and:
ΠH =
1(
sˆ−m2H + imHΓH
) . (19)
Given the couplings of Model III, ΓH (the width ofH) can be readily calculated [14]. The leading
decay rates in this model are H → bb¯, tt¯, ZZ,W+W− and tc¯, ct¯. When kinematically allowed,
we include all these contributions in calculating the above cross-sections. For definiteness, we
will present our numerical results for α˜ = π/4.5 We will also ignore CP violation and take
λI = 0 and λ = λR. In calculating the cross sections we first vary the mass of the lighter scalar
h in the range 100 GeV < mh < 1 TeV, while holding fixed the mass of the heavy scalar H at
mH = 1 TeV. We will later discuss the case mh ∼ mH .
5As will be shown later, the V V fusion cross-sections in (13) reach their maxima at α˜ ≃ π/6 which is larger by a
factor of ∼ 1.5 than their value at α˜ = π/4; as indicated previously the cross sections vanish when α˜ = 0, π/2.
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Due to the orthogonality properties of the V 1 and V 2 polarization vectors, there is no
interference between the transverse and the longitudinal polarizations. Note that |ǫV 1± ·ǫV
2
∓ |2 = 0,
|ǫV 1± · ǫV
2
± |2 = 1, and |ǫV
1
0 · ǫV
2
0 |2 = (1 + β2V )2/(1 − β2V )2 which grows with sˆ. However, we
can see from (17), that σˆV (m
2
H/sˆ → 0) → 0 ensuring unitarity of the hard cross-section.
In general, the transverse distribution functions are bigger than the longitudinal ones for x
∼> 0.1 [12, 13]. Therefore, the relative smallness of the transverse hard cross-section compared
to the longitudinal one is partly compensated for in the full cross-section. In particular, we find
that the contribution from the transversely polarized W ’s(Z’s) constitutes up to 25% (35%) of
the corresponding total cross-section σννtc(σeetc).
It is evident from (17) that σˆW → σˆZ for mW → mZ . The main difference between σννtc and
σeetc then arises from the dissimilarity between the distribution functions for W and Z bosons.
In particular, disregarding the subleading transverse parts of theWW and the ZZ cross-sections,
the relative strength between the W and the Z longitudinal distribution functions is given by
[13]:
fZ0 =
2
c2W
(
2s4W − s2W +
1
4
)
fW0 ≈
1
3
fW0 . (20)
Therefore, since the dominant contributions to the cross-sections σννtc and σeetc are produced
by longitudinal W ’s and Z’s, σeetc is expected to be smaller by about one order of magnitude
than σννtc, which is indeed what we find. We will thus only present numerical results for
σννtc, keeping in mind that σeetc exhibits the same behavior though suppressed by an order of
magnitude.
Fig. 2 shows the dependence of the scaled cross-section σννtc/λ2 on the mass of the light
Higgs mh for four values of s.
6 The cross-section peaks at mh ≃ 250 GeV and drops as the
mass of the light Higgs approaches that of the heavy Higgs due to the “GIM-like” cancellation
present in the scalar sector (which is only partly effective when α˜ 6= π/4). Nonetheless, as will
be shown below, σννtc/λ2 can stay at the fb level even for mh = mH . When
√
s = 2 TeV the
cross-section is about 5 fb for λ = 1 and mh ≈ 250 GeV.7 It is therefore evident from Fig. 2
that at an NLC running at energies of
√
s ∼> 1 TeV and an integrated luminosity of the order of
L ∼> 102 [fb]−1, Model III (with λ = 1) predicts hundreds and up to thousands of tc¯νeν¯e events
and several tens to hundreds of tc¯e+e− events. For example, with
√
s = 1.5 TeV, L = 500
[fb]−1 [1], and mh ≈ 250 GeV, λ = 1, the cross-section σννtc(σeetc) would yield about 2000(200)
such events. Note also that even with mh ≈ 500 GeV, this projected luminosity will still yield
hundreds of tc¯νeν¯e events and tens of tc¯e
+e− events at
√
s = 1.5 TeV. The corresponding SM
prediction yields, as shown above, essentially zero events.
The choice α˜ = π/4 is special in the sense that for this value the GIM-like cancellation
mentioned above is most effective, however, it does not correspond to the maximum of the
production rates. In Fig. 3 we show the dependence of σννtc/λ2 on (sin α˜)2 for mh = 250
6The scaled cross-section, σννtc/λ2, has a residual mild dependence on λ through its dependence on Γh.
7The cross-section is ∝ λ2 so that even a moderate change of λ, say by a factor of three, can increase or decrease
the cross-section by one order of magnitude.
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GeV,
√
s = 1 TeV and for two possible values of mH , mH = 250 GeV and mH = 1 TeV.
The same behavior is observed for any value of s in the range 0.5–2 TeV. We see that for
mH = 1 TeV, which represents the case of large splitting between the two neutral Higgs particles,
σννtc(π/14 ∼< α˜ ∼< π/4) > σννtc(α˜ = π/4). Moreover, even for (mH −mh) ≈ 0, σννtc ∼> 1 fb
is still possible for 0.02 ∼< (sin α˜)2 ∼< 0.22 and 0.78 ∼< (sin α˜)2 ∼< 0.98. In fact, our analysis
shows that, with moderate restrictions on α˜, σννtc remains well above the fb level for
√
s ∼> 1
TeV as long as one of the neutral Higgs particles is kept within 200 GeV ∼< mH ∼< 400 GeV,
while the mass of the other Higgs can take practically any value between 100 GeV – 1000 GeV.
Moreover, note that as α˜ drops below π/6 the cross-section becomes less sensitive to the heavy
Higgs mass. For example, we find that with α˜ ≈ π/27 (which may represent the case of a small
α˜) and for
√
s = 1 TeV, σννtc ≈ 1 fb regardless of the heavy Higgs mass (i.e., mH = 250− 1000
GeV) and as one goes to
√
s > 1 TeV, σννtc becomes even bigger. It is therefore clear that the
FC effect being investigated in this section remains very interesting within a large portion of
the free parameter space of the Higgs sector in Model III.
Before ending this section we wish to comment further on the comparison between the
cross-section σ(e+e− → tc¯) discussed in [6] and the WW annihilation cross-section σννtc within
Model III. To do so, for convenience, we normalize the cross sections to the µ+µ− cross-section:
Rννtc ≡ σ(e
+e− → tc¯νeν¯e + t¯cνeν¯e)
σ(e+e− → γ → µ+µ−) , R
tc ≡ σ(e
+e− → tc¯+ t¯c)
σ(e+e− → γ → µ+µ−) . (21)
Note that while Rννtc scales as λ2, Rtc is proportional to λ4. It was shown in [6] that Rtc/λ4
can reach 10−5 for a light Higgs mass around 200 GeV and c.m. energy of
√
s = 500 GeV. As
the c.m. energy is increased Rtc/λ4 stays fixed at the 10−5 level due to the ∼ 1/s behavior of
σ(e+e− → tc¯+ t¯c) with one loop FC Higgs exchanges.
In Figs. 4 and 5 we have plotted Rννtc/λ2 as a function of mh and
√
s, respectively. We
see that for mh ≈ 250 GeV and a c.m. energy of
√
s = 500 GeV Rννtc/λ2 peaks at around
10−3, two orders of magnitude above Rtc/λ4. We therefore expect the number of tc¯νeν¯e events
in the NLC to be bigger by about two orders of magnitude than the number of tc¯ events.
Moreover, while the cross-section for producing a pair of tc¯ sharply drops as
√
s is increased,
the WW fusion cross-section, σννtc grows with s. In particular, Figs. 4 and 5 show that for
200 GeV ∼< mh ∼< 400 GeV, Rννtc/λ2 ∼ 10−2 for
√
s ∼ 1 TeV and Rννtc/λ2 ∼ 10−1 for √s ∼ 2
TeV.
4 e+e− → tc¯νeν¯e vs. e+e− → tt¯νeν¯e and Background
Considerations
In order to give the reader a qualitative feel for the effectiveness of the tc¯νeν¯e production rate it is
instructive to compare it, in Model III, to the production rate of the “normal” e+e− → tt¯νeν¯e.
We recall that σννtt ≡ σ(e+e− → W+W−νeν¯e → tt¯νeν¯e) is dominated by collisions of two
longitudinal W ’s at the parton level [12]. The reaction W+W− → tt¯ can proceed through
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the t-channel b quark exchange and the s-channel γ, Z, h and H exchanges (the diagrammatic
description can be found in [12, 15]).
The helicity amplitudes Aη=η¯, Aη=−η¯ (η and η¯ denote the helicities of the t and t¯ quarks,
respectively) for W+L W
−
L → tt¯, including all the contributing diagrams, are given by:
Aη=η¯ = πα
s2W
mt
√
sˆ
m2W


[
(1 + β2t ) cos θ − 2βt
1 + β2t − 2βt cos θ
]
−
∑
H=h,H
√
2cH (aHβt − iηbH) ΠH

 , (22)
Aη=−η¯ = 2πα
s2W
m2t
m2W
(
η + βt
1 + β2t − 2βt cos θ
)
sin θ , (23)
where θ is the c.m. scattering angle and aH, bH and cH are given in (11), (12) and (8). In the
SM limit α˜ = −π/4 and λR, λI = 0, the hard cross-section for W+L W−L → tt¯, obtained from (22)
and (23) agrees with the one obtained by Eboli et. al. in [12].
We give below only the “non-standard” parts σˆhh, σˆHH , σˆhH , σˆbh and σˆbH :
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σˆhh = Gt(sin α˜)2|Πh|2
(
β2t a
2
h + b
2
h
)
, (24)
σˆHH = Gt(cos α˜)2|ΠH |2
(
β2t a
2
H + b
2
H
)
, (25)
σˆhH = −Gt sin 2α˜Re(ΠhΠ∗H)
(
β2t ahaH + bhbH
)
, (26)
σˆbh = Gt sin α˜ ah(1−∆h)|Πh|2
[
(1− β2t )2
2βt
Λ− (1 + β2t )
]
, (27)
σˆbH = −Gt cos α˜ aH(1−∆H)|ΠH |2
[
(1 − β2t )2
2βt
Λ− (1 + β2t )
]
, (28)
where σˆij, i 6= j denotes the interference cross-section of the i and j intermediate states, and:
Gt ≡ Ncπα
2
4s4W
m2t
m4W
βt , Λ ≡ ln
(
βt + 1
βt − 1
)
. (29)
In Fig. 6 we plot the ratio Rtc/tt ≡ σννtc/σννtt within Model III for λ = 1,9 α˜ = π/4 and
mH = 1 TeV as a function of the light Higgs mass mh and for
√
s = 0.5, 1, 1.5, 2 TeV. σννtt
depends very weakly on mh, with a small peak at mh ≃ 400 GeV which fades as
√
s grows.
Therefore, Rtc/tt peaks with σννtc at mh ≃ 250 GeV. We can see from Fig. 6 that for
√
s = 0.5
TeV and in the range 200 GeV ∼< mh ∼< 400 GeV, Rtc/tt > 1. In particular, for mh ≈ 250 GeV,
σννtc can become almost two orders of magnitude larger than σννtt. As
√
s grows, Rtc/tt drops.
In the range 200 GeV ∼< mh ∼< 400 GeV, we find that for
√
s = 1 TeV, Rtc/tt > 0.1, while for√
s = 1.5 − 2 TeV, 0.01 ∼< Rtc/tt ∼< 0.1.
8The SM-like parts can be extracted from the paper by Eboli et. al. in [12] by changing the appropriate quantum
numbers of the final state fermions.
9Recall that we have assumed for simplicity that λtt = λtc = λ.
10
The dependence of σννtt on λ is significant only near its peak (at mh ∼ 400 GeV); for
200 GeV ∼< mh ∼< 400 GeV, where Rtc/tt acquires its largest values, Rtc/tt roughly scales as λ2.
Thus, again a mild change in λ, can alter Rtc/tt appreciably. Hence, within Model III, with mh
in the few-hundred GeV range, it is possible to observe comparable production rates for the
tc¯νeν¯e and tt¯νeν¯e even at a NLC running at a TeV range c.m. energies.
We have not done any serious study on the issue of backgrounds. For example, νeν¯eW
+W−
is expected to be about an order of magnitude bigger than νeν¯ett¯ and therefore could be of
concern. However, we remark that the NLC literature suggests that detection of t (or t¯) via
the main mode t → bqq′ (i.e., 3-jet events) with the constraint mjet1 + mjet2 = mW can be
achieved with a relatively high efficiency [16]. The ννWW cross-section also has distinctive
constraints on it that, along with the rather clean t detection, are expected to be very effective
in separating it from ννtt or ννtc final states. In the case of the νeν¯etc¯ final state, in addition to
the top-quark detection via, for example, the 3-jet mode, the other (charm) jet is rather unique
and should stand out as essentially a light quark jet, i.e., the event should look like a single top
quark event. Therefore, it will be difficult to fake a tc¯ event with a tt¯ or WW event.
5 The Reaction ff¯ ′ → V tc¯
In this section we explore the possibility of observing a signature of a Ztc¯ final state (and
its conjugate one) at the NLC. Within Model III, the reaction f f¯ ′ → V tc¯ (V = Z,W+ or
W− depending on the quantum numbers of the f f¯ ′ initial state) proceeds at tree-level via the
Feynman diagram depicted in Fig. 7. Of course, disregarding the incoming f f¯ ′ fermions, this
reaction is directly related to the sub-process V V → H → tc¯. We can therefore express the
cross-section σ(f f¯ ′ → V tc¯) in terms of the hard cross-section σˆV given in (17):
σ(f f¯ ′ → V tc¯) = α
6π(sin 2θW )2
∆VΠ
2
V
{[
a
f(V )
L
]2
+
[
a
f(V )
R
]2}×
∫ (∆−1/2t −ζV )2
1
dz ω1ω2
ω21 + 12∆V
ω22 + 12ζ
4
V
∑
hV 1 ,hV 2
σˆV |sˆ=m2t z . (30)
Here ∆ℓ ≡ m2ℓ/s (s being the c.m. energy of the colliding f f¯ ′ fermions) and ΠV = (1−∆V )−1.
Also ζℓ ≡ mℓ/mt and ω1, ω2 are function of z given by:
ω1 =
√(
1− (
√
∆V +
√
∆tz)
) (
1− (
√
∆V −
√
∆tz)
)
, (31)
ω2 = z
√
1− 4z−1ζ2V , (32)
and we have defined the V ff¯ ′ interaction lagrangian as:
LVµff ′ ≡
gW
cW
Vµγµf¯ ′
(
a
f(V )
L L+ a
f(V )
R R
)
f , (33)
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where L(R) = (1∓ γ5)/2.
The formula given in (30) is general and can be applied, for example, for calculating the sub-
process cross-sections uu¯, dd¯ → Ztc¯ and ud¯; u¯d → W+tc¯; W−tc¯ relevant for hadron colliders.
Here we wish to concentrate only on the cross-section σZtc ≡ σ(e+e− → Ztc¯ + Zt¯c) relevant
for the NLC and for which V = Z, f = e−, f¯ ′ = e+ and a
e(Z)
L = 1/2 − s2W , ae(Z)R = s2W .
The production of a real Higgs boson and a Z boson via e+e− → Z → ZH followed by the H
decay H → tc¯ was investigated in [9]. This is of relevance whenever there is sufficient energy to
produce a real ZH pair and mH > mt +mc, then:
σ(e+e− → ZH → Ztc¯+ Zt¯c) ≈ σ(e+e− → Z → ZH)× Br (H → tc¯+ t¯c) . (34)
Here we will extend the analysis performed in [9] by including both neutral Higgs particles,
produced either as real or virtual particles.
In Fig. 8 we plot σZtc/λ2 as a function of the light Higgs mass, mh, for various values of
√
s,
and in Fig. 9, σZtc/λ2 as a function of s for various values of mh (mH = 1 and α˜ = π/4 are kept
fixed). We see that there is a significant difference between σZtc and σννtc, σeetc; the former
drops with s (as expected for an s-channel process) while the latter increase with s. Therefore,
a search for a Ztc signature will be most effective at lower energies. In particular, we find that
σZtc/λ2 peaks when the c.m. energy is a few tens of GeV above the threshold for producing a
real hZ pair. At
√
s = 500 GeV and for 200 GeV ∼< mh ∼< 350 GeV, σZtc/λ2 ∼> 0.2 fb and peaks
for mh ≈ 250 GeV at ∼ 0.6 fb. In this range h is produced on-shell and then decays to tc¯.
Apart from the overall factor of (sin 2α˜)2 in the cross-section (from the V V → H → tc¯
matrix element), there is an additional strong dependence on α˜ coming from Br(h → tc¯ + t¯c).
This quantity also generates a strong suppression (for α˜ = π/4, Br(h → tc¯+ t¯c) ≈ 10−2) since
h decays mainly into W pairs: Br(h → W+W−) ∼ 1 for α˜ = π/4 and 2mt > mh > 2mW
and Br(h → W+W−) ∼ 0.7 ≫ Br(h → tt¯) when mh > 2mt. In contrast, within the SM
Br(h→W+W−) ∼ Br(h→ tt¯) ∼ 0.5 for mh > 2mt.
Similar to the V V fusion case, when there is large splitting between the masses of the two
neutral scalars (i.e., mH = 1 TeV), σ
Ztc/λ2 is maximized for α˜ ≈ π/6. In Fig. 10 we plot
σZtc/λ2 as a function of (sin α˜)2 for
√
s = 500 GeV, mh = 250 GeV and mH = 250, 1000 GeV.
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As can be seen by comparing Fig. 3 with Fig. 10, σZtc and σννtc exhibit the same dependence
on α˜ since both reactions are governed by the V V − H − tc amplitude; we again find that for
mH = 1 TeV, σ
Ztc(π/14 ∼< α˜ ∼< π/4) > σZtc(α˜ = π/4). When mH ≈ mh ≈ 250 GeV, σZtc ∼> 0.2
fb is still possible for 0.02 ∼< (sin α˜)2 ∼< 0.28 and 0.75 ∼< (sin α˜)2 ∼< 0.98.
We thus conclude that at an NLC running at
√
s = 500 GeV and a yearly integrated
luminosity of L ∼> 102 [fb]−1 we can expect several tens and up to hundred such Ztc raw
events for 200 GeV ∼< mh ∼< 350 GeV (the number depends on α˜ but is insensitive to mH).
However, unlike the ννtc and the eetc signals which form a relatively clean signature (especially
at higher energies, i.e.
√
s ∼> 1 TeV, where there is practically no competing process that can
produce a pair of tc¯), the Ztc¯ final state may suffer from severe background problems if scalar
FC interactions are indeed present. For example, assuming that a tc¯ pair can be detected with
10Here also, the same behavior as a function of (sin α˜)2 occurs for higher energies.
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some efficiency factor, still, the production rate of a pair of HA via e+e− → Z → HA followed
by the decays A → tc¯ and H → f f¯ (recall that H = h or H and f stands for a fermion) may
well overwhelm that of e+e− → Z → Ztc¯.
6 The Rare Top Decays t→W+W−c, t→ ZZc
Finally we wish to discuss the two rare decays t → W+W−c and t → ZZc. The latter being
possible only if mt > 2mZ +mc (which is still allowed by the data). Within the SM these decay
channels are vanishingly small. For the first one, t→ W+W−c, even though a tree-level decay
in the SM (i.e., the tree-level diagram is the same as the one depicted in Fig. 1a without the
electron-neutrino fermionic lines), suffers from the same severe CKM suppression which appears
in the subprocess W+W− → tc¯ considered before. Typically, one finds Br(t → W+W−c) ≈
10−13 − 10−12 for 160 GeV ∼< mt ∼< 200 GeV [17, 18]. For the second decay t → ZZc, the
branching ratio is even smaller since it occurs only at one loop and in addition it is also GIM
suppressed.
The situation is completely different in Model III where both decay modes can occur at the
tree-level through the FC Higgs exchange of Fig. 1b (without the leptonic lines) and the CKM
factors are absent. These decays are thus related to the fusion reactions, WW, ZZ → t¯c, by
crossing symmetry. Therefore, in terms of the hard cross-section given in (17):
ΓV V ≡ Γ(t→ V V c) = m
3
t
32Ncπ2
∫ (1−ζc)2
4ζ2
V
dz z(z − 4ζ2V )
∑
hV 1 ,hV 2
σˆV |sˆ=m2t z . (35)
The scaled branching-ratio Br(t → W+W−c)/λ2 is given in Fig. 11 as a function of the light
Higgs mass and formt = 170, 180 and 190 GeV. Also, in Table 1 we present the branching-ratios
for both t→W+W−c and t→ ZZc where we focus on the range mt−25 GeV < mh < mt+25
GeV (keeping mh > 2mW ). We see that Br(t → W+W−c)/λ2 is largest for 2mW ∼< mh ∼< mt
and drops rapidly when mh < 2mW or mh > 200 GeV. The reason is that when mh < 2mW
or mh > mt, the decay t→ W+W−c is a genuine 3-body decay. Thus, it suffers a suppression
factor ∼ Br(t→ W+W−c)/Br(t→ hc) compared to the essentially 2-body case, t→ hc, which
is relevant for the window, 2mW ∼< mh ∼< mt. Br(t → W+W−c)/λ2 is typically a few times
10−8 for mh ∼> mt and can reach ∼ 10−6 in the mh ∼< 2mW region. For a wide range of mh, i.e.
from about 50 GeV to about 300 GeV, Br(t→ W+W−c)/λ2 is 3–4 orders of magnitude larger
than the SM prediction.
For optimal values of mh, lying in the very narrow window, 2mW ∼< mh ∼< mt, we find
that Br(t → W+W−c)/λ2 can reach the 10−5–10−4 level. In this region the t-quark decays to
an on-shell Higgs boson followed by the decay h → W+W−. Note that the process t → ch
studied in [7] is related to the reaction t → W+W−c under discussion here. In the region
2mW ∼< mh ∼< mt the decay width satisfies ΓWW ≈ Γ(t → ch) × Br(h → W+W−). Note,
however, that the analytical results of [7] correspond to the choice α˜ → 0 and in this special
case Higgs decays to WW , ZZ are suppressed at tree level even when mh > 2mW . In the
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present paper we use the more generic value α˜ = π/4 in which case h → WW becomes the
dominant h decay.
Concerning t→ ZZc, the branching ratio is typically ∼ 10−5 for 2mZ+mc < mt < 200 GeV
if again mh lies in the very narrow window 2mZ ∼< mh ∼< mt. Also, both decays are very sensitive
to mt. In Fig. 12 we have plotted Br(t → W+W−c)/λ2 and Br(t → ZZc)/λ2 as a function of
mt holding fixed the mass of the heavy Higgs boson at mH = 1 TeV and taking mh = 170 and
185 GeV. We see that a ∼ 10 GeV shift in mt can easily generate an order of magnitude change
in the branching ratios. For some possible values of mh in the range 150 GeV ∼< mh ∼< 200 GeV
it can even generate a change of several orders of magnitude.
7 Summary and outlook
In this paper, we have emphasized the importance of searching for the FC reactions e+e− →
tc¯νeν¯e, e
+e− → tc¯e+e− and e+e− → Ztc¯ in a high energy e+e− collider. These reactions are
very sensitive indicators of physics beyond the SM with new FC couplings of the top quark. As
an illustrative example we have considered the consequences of extending the scalar sector of
the SM with a second scalar doublet such that new FC couplings occur at the tree-level. At√
s = 500 GeV the production rates for the Ztc¯ and tc¯νeν¯e final states are comparable (several
tens of raw events are expected). However, for c.m. energies at the TeV level and above, we
found that within a large portion of the parameter space of the FC 2HDM, i.e. Model III, in a
one year of running with a yearly integrated luminosity of L ∼> 100–500 [fb]−1, these new FC
couplings may give rise to several hundreds and up to a few thousands tc¯νeν¯e events and tens to
hundreds of tc¯e+e− events in the NLC. This will unambiguously indicate the existence of new
physics.
We have shown that the comparison between σννtc and the “normal” σννtt comes out fa-
vorable in these models. The tc¯ final state involved, is rather distinctive and, therefore, serious
background problems for either the tc¯νeν¯e or the tc¯e
+e− signatures are not anticipated. More-
over, from the experimental point of view, it should be emphasized that although σeetc is found
to be one order of magnitude smaller then σννtc, the tc¯e+e− signature may be easier to detect as
it does not have the missing energy associated with the two neutrinos in the tc¯νeν¯e final state.
Also, at
√
s ∼> 1 TeV, the tc¯νeν¯e and tc¯e+e− signatures are to some extent unique, as other simple
FC s-channel processes like e+e− → Z → tc¯, e+e− → ZH → Ztc¯ and e+e− → AH → tt¯cc¯, tc¯f f¯
tend to drop as 1/s and are therefore expected to yield much smaller production rates at an
e+e− collider with
√
s ∼> 1 TeV.
We have also examined the two rare top decays t→W+W−c and t→ ZZc. We found that,
within Model III, the branching ratios are many orders of magnitudes bigger then the SM ones.
However, detection of such exotic signatures may not be possible at the NLC as it is expected
to produce ∼ few × 104 tt¯ pairs. However, if nature provides us with a scalar particle, h, with
mass in the range 150 GeV ∼< mh ∼< 200 GeV and with FC couplings to tc, then the LHC, which
will be capable of producing 107 − 108 tt¯ pairs, will be able to detect those rare signatures of
top decays.
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We wish to end with the following remarks and outlook:
• Note that in our previous work, [10], we have used mH = 750 GeV while here we have
set the heavy Higgs mass to be mH = 1 TeV. No significant difference between the two
choices is observed.
• It is most likely that the Higgs particles, if at all present, will have been discovered by the
time the NLC starts its first run. If indeed such a particle is detected with a mass of a few
hundreds GeV, it will be extremely important to investigate the reactions e+e− → tc¯νeν¯e
and e+e− → tc¯e+e− in the NLC as they may serve as strong evidence for the existence
of a nonminimal scalar sector with FC scalar couplings to fermions. In addition, since
supersymmetry strongly disfavors an h heavier than ∼ 150 GeV, the detection of a Higgs
particle above this limit would drive the study of general extended scalar sector, not of a
supersymmetric origin, and, in turn, this should encourage the study of FC effects such as
the ones studied in this paper.
• The large FC effects in e+e− → tc¯νeν¯e and e+e− → tc¯e+e− described above may serve
as a “yardstick” for other, possibly large, FC effects in those same reactions. In this
sense, a model independent analysis of the reactions e+e− → tc¯νeν¯e and e+e− → tc¯e+e−
can be very useful. This can proceed by either incorporating explicit phenomenological
FC vertices of Ztc,WWtc, ZZtc etc., or by considering new effective couplings (possibly
right-handed) of the W boson to the top and a down-type quark which will affect Fig. 1a
[19]. Note that the effects of an effective Ztc coupling, if at all measurable, will be directly
probed in the reaction e+e− → Z → tc¯ whose cross section is larger by a factor of
∼ (α/π)2 (α being the fine structure constant) than the one for tc¯νeν¯e through WW
fusion. Therefore, if a vanishing production rate for e+e− → Z → tc¯ is measured in a
NLC with a c.m. energy around
√
s = 500 GeV, then the possibility of a significant Ztc
coupling will be basically eliminated.
• The cross-sections for e+e− → tc¯νeν¯e and e+e− → tc¯e+e− grow with the c.m. energy of
the colliding fermions. Therefore, an analogous study, for the LHC, of production of tc
pairs via V V fusion may be even more interesting. However, note that in the LHC, these
type of reactions are likely to suffer from much worse background problems.
We will refer to some of these points in a later work.
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Note Added. After completion of this manuscript, which is an extension of our previous
work [10], we became aware of a very recent work [20] where (among other things) an exact
calculation for the reaction e+e− → tc¯νeν¯e is reported. The difference with the effective vector
boson approximation used here appears to be at the order of 10% in the range 200 GeV <
mh < 400 GeV and 1 TeV <
√
s < 2 TeV. For mH ∼> 400 GeV and 1 TeV <
√
s < 2 TeV the
difference can be at the order of 30% or so. In general the difference diminishes as
√
s decreases.
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Table 1: The scaled branching ratios Br(t → W+W−c)/λ2 and Br(t → ZZc)/λ2 in units of 10−6
for mH = 1 TeV, α˜ = pi/4 and for various values of mt and mh. The values of mt and mh are given
in GeV.
Br(t→W+W−c)/λ2 × 106 Br(t→ ZZc)/λ2 × 106
⇓ mt mh = 175 mh = 185 mh = 195 mh = 175 mh = 185 mh = 195
170 4.74 × 10−2 1.15× 10−2 4.93 × 10−2 / / /
175 0.411 5.71× 10−2 2.22 × 10−2 / / /
180 34.9 0.202 6.68 × 10−2 / / /
185 112 0.792 0.167 6.97 × 10−4 9.88 × 10−3 2.64 × 10−4
190 216 26.0 0.398 3.03 × 10−2 8.69 2.61 × 10−2
195 336 82.4 1.15 0.121 28.8 0.313
200 466 158 20.7 0.282 55.9 12.8
Figure Captions
Fig. 1: (a) The Standard Model diagram for e+e− → tc¯νeν¯e; (b) Diagrams for e+e− →
tc¯νeν¯e(e
+e−) in Model III.
Fig. 2: The cross-section σ(e+e− → tc¯νeν¯e + t¯cνeν¯e) in units of λ2 as a function of mh for√
s = 0.5, 1, 1.5 and 2 TeV. α˜ = π/4 and we have set λ = 1 in the width ΓH.
Fig. 3: The cross-section σ(e+e− → tc¯νeν¯e+ t¯cνeν¯e) in units of λ2 as a function of (sin α˜)2 for√
s = 1 TeV, mh = 250 GeV and mH = 250, 1000 GeV. λ as in Fig. 2.
Fig. 4: The ratio Rννtc
[
≡ σ(e+e−→tc¯νeν¯e+t¯cνeν¯e)σ(e+e−→γ→µ+µ−)
]
for mH = 1 TeV, as a function of mh for√
s = 0.5, 1, 1.5 and 2 TeV. λ and α˜ as in Fig. 2.
Fig. 5: The ratio Rννtc for mH = 1 TeV, as a function of
√
s for mh = 250, 350 and 450 GeV.
λ and α˜ as in Fig. 2. See also caption to Fig. 4.
Fig. 6: The ratio Rtc/tt
[
≡ σ(e+e−→νeν¯etc¯+νeν¯et¯c)σ(e+e−→νeν¯ett¯)
]
for mH = 1 TeV, as a function of mh for√
s = 0.5, 1, 1.5 and 2 TeV. λ and α˜ as in Fig. 2.
Fig. 7: The Feynman Diagram for f f¯ ′ → tc¯V in Model III. For e+e− → tc¯Z, V = Z, f = e−
and f¯ ′ = e+.
Fig. 8: The cross-section σ(e+e− → tc¯Z + t¯cZ) in units of λ2 as a function of mh for
√
s =
0.5, 1, 1.5 and 2 TeV. λ and α˜ as in Fig. 2.
Fig. 9: The cross-section σ(e+e− → tc¯Z + t¯cZ) in units of λ2 as a function of √s for mh =
200, 250, 300, 350 and 400 GeV. λ and α˜ as in Fig. 2.
Fig. 10: The cross-section σ(e+e− → tc¯Z + t¯cZ) in units of λ2 as a function of (sin α˜)2 for√
s = 1 TeV, mh = 250 GeV and mH = 250, 1000 GeV. λ as in Fig. 2.
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Fig. 11: The scaled branching ratio, Br(t → W+W−c)/λ2 as a function of mh for various
values of mt. λ and α˜ as in Fig. 2.
Fig. 12: The scaled branching ratios, Br(t→W+W−c)/λ2 and Br(t→ ZZc)/λ2 as a function
of mt for mH = 1 TeV and mh = 170 and 185 GeV. λ and α˜ as in Fig. 2.
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